Graphene, with its high charge-carrier mobility and weak spin--orbit coupling (SOC), is an excellent host for long-distance spin transport.^[@ref1]−[@ref4]^ However, data storage and information processing in spin-based devices require active control of the spin degree of freedom.^[@ref5]^ Therefore, manipulation of the spin currents, i.e., tuning spin polarization and spin lifetime, has been a topic of recent theoretical^[@ref6]−[@ref9]^ and experimental^[@ref10]−[@ref16]^ research. To fulfill this goal, one of the main approaches is fabrication of hybrid devices, in which the properties of the 2D building blocks complement each other.^[@ref17],[@ref18]^ The strong SOC of TMDs, orders of magnitude larger than the one of Gr,^[@ref19]^ can modulate the spin dynamics in the Gr channel, while the high quality of charge transport of Gr is preserved.^[@ref11]^ The induced SOC in Gr via proximity effect of a TMD can be in the order of 10 meV,^[@ref7]^ experimentally confirmed by the observation of weak antilocalization^[@ref12]−[@ref14]^ and spin Hall effect^[@ref500]^ in these heterostructures, and by the suppression of the spin lifetimes^[@ref15],[@ref16]^ to less than a few picoseconds.

The modulation of spin currents in bulk TMD/Gr van der Waals heterostructures has been already reported^[@ref10],[@ref15]^ based on gate-controlled spin absorption by the TMD. Moreover, the spin-valley locking has been used for optical excitation of spins^[@ref21],[@ref22]^ in TMDs, which are injected into and transported by the underlying Gr. However, in this work we study how the spin transport properties of Gr are influenced by the proximity of monolayer TMDs. We address the induced anisotropic nature of spin relaxation in these hybrids, originating from the strongly coupled spin and valley degrees of freedom.^[@ref23]^ Our results, consistent with the theoretical predictions,^[@ref8]^ give an insight into the valley-coupled spin dynamics in TMD/Gr heterostructures and are very relevant to acquire a complete understanding of the physics of (opto-) valleytronics and spintronics in these systems.

We fabricate devices based on a vdW heterostructure of monolayer MoSe~2~/monolayer Gr, covered with an hBN bilayer ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). These atomically thin layers are exfoliated from their bulk crystals and are stacked by a dry pick-up technique^[@ref24]^ that provides high-quality and polymer-free interfaces. To study spin transport, we use ferromagnetic cobalt contacts using the bilayer hBN as a tunnel barrier that allows for highly efficient electrical spin injection and detection.^[@ref25]^

![Device geometry. (a) Sketch of the MoSe~2~/Gr van der Waals heterostructure on a SiO~2~/Si substrate with a top layer of bilayer hBN used as a tunnel barrier for spin injection and detection in Gr with Co contacts. (b) Combination of an optical microscope (OM) image of the van der Waals heterostructure and an SEM image of the Co contacts. The green flake is bulk hBN. The used electrodes for measurements are numbered. The width of the Gr channel is about 2.4 μm.](nl-2017-03460t_0001){#fig1}

The conventional four-terminal nonlocal geometry^[@ref26]^ for injection and detection of pure spin currents is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. We measure the nonlocal resistance (*R*~nl~ = *V*/*I*) while sweeping the magnetic field (*B*~*y*~) along the easy axis of the Co contacts. All the measurements are carried out at 75 K. The spin-valve signal is defined as the difference in *R*~nl~, measured in parallel and antiparallel magnetization configurations of the contacts (*ΔR*~nl~ = *R*~p~ -- *R*~ap~). The *ΔR*~nl~ signal of 30 Ω is measured over 2.1 μm of the Gr channel. When an out-of-plane magnetic field (*B*~*z*~) is applied, the spins undergo Larmor precession in the *x*--*y* plane while diffusing. By measuring *R*~nl~ as a function of *B*~*z*~, we acquire the so-called Hanle precession curves. The spin lifetime (τ~s~), diffusion coefficient (*D*~s~), and contact polarization (∼40%) are obtained by fitting the Hanle curves to the solution of Bloch equations.^[@ref27]^ Interestingly, increasing *B*~*z*~ beyond the typical fields sufficient for significant spin dephasing enhances *R*~nl~ over its value at *B* = 0 T. This increase in the spin signal is attributed to the contribution of the out-of-plane spins when the magnetization of the Co electrodes gets pulled out of the graphene plane. We observe that the ratio of the spin signal at high *B*~*z*~ (dominated by the out-of-plane spins) over the in-plane spin signal (at *B*~*z*~ = 0 T) increases as the inner detector contact approaches the TMD/Gr region (see [section S5.1 of the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03460/suppl_file/nl7b03460_si_001.pdf)). This observation is attributed to the fact that in the diffusive Gr channel the presence of the TMD/Gr region influences the spin diffusion in the full channel. The TMD/Gr region plays role as an in-plane spin sink, such that the in-plane spins have shorter lifetime and therefore faster relaxation of them will lead to the detection of smaller in-plane spin signal as compared to that of the out-of-plane spins.

![Comparison of Hanle precession measurements with out-of-plane magnetic field (*B*~*z*~). The device sketches with nonlocal measurement geometries are illustrated (contacts are numbered according to [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Nonlocal magnetoresistance (*R*~nl~) as a function of *B*~*z*~ and the corresponding nonlocal spin-valve (shown in the inset) are measured (a) on the Gr channel (length: 2.1 μm) with C~1~ as the spin injector and C~3~ as the detector and (b) across the TMD/Gr region with C~4~ as the spin injector and C~5~ as the detector (channel length is 4.1 μm, covered with 2 μm of MoSe~2~). In our measurement setup, *B*~*z*~ is limited to 1.2 T, which is not sufficient for complete out-of-plane saturation of the contact magnetization. Therefore, the reported magnitude for the out-of-plane spin signal is the lower bound of the real value.](nl-2017-03460t_0002){#fig2}

To further understand the effect of the monolayer MoSe~2~ on spin transport in Gr, we measure *R*~nl~ across the TMD/Gr region. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, the spin-valve measurement shows a considerable suppression of the in-plane spin signal to ≈15 mΩ, which is about 300 times smaller than the in-plane spin signal in pristine Gr with the same channel length. When we apply *B*~*z*~ and the z-component of the magnetization of the Co contacts increases, we observe that *R*~nl~ enhances dramatically to values over 6 Ω. Similar behavior is also observed in the measurements done at 5 K. This observation implies that the out-of-plane spin signal exceeds the in-plane signal by about 3 orders of magnitude. Such a giant contrast between the in- and out-of-plane spin signal can only be understood if the in-plane spin lifetime in the TMD/Gr heterostructure is shorter than 3.5 ps, 2 orders of magnitude smaller than that of the pristine Gr channel (see [section S5.2 of the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03460/suppl_file/nl7b03460_si_001.pdf)).

To get more information regarding the lifetimes of in-plane spins (τ~∥~) and out-of-plane spins (τ~⊥~), we apply an in-plane magnetic field (*B*~*x*~). This direction of magnetic field makes the spins precess in the *y*--*z* plane, thus probing both τ~∥~ and τ~⊥~.^[@ref28]^ By measuring *R*~nl~ in the pristine Gr regions, we obtain the Hanle precession curves in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. As expected, the in-plane spin-signal has its highest value at *B* = 0 T and decreases when the spins precess. Sufficiently large *B*~*x*~ aligns the Co electrode magnetization in the *x* direction (saturating at *B*~*x*~ ≈ 0.3 T), and therefore, the spin signal is restored to its initial value (at *B* = 0 T). The behavior of the contacts is explained by using the Wohlfarth--Stoner model.^[@ref29]^ The spin transport parameters can be extracted by the fit to the solutions of the Bloch equations,^[@ref27]^ which confirms the isotropic spin relaxation in the Gr region (see [section S5.3 in the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03460/suppl_file/nl7b03460_si_001.pdf)).

![Comparison of Hanle precession measurements with in-plane magnetic field (*B*~*x*~). The device sketches with nonlocal measurement geometries are illustrated (contacts are numbered according to [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). *R*~nl~ as a function of *B*~*x*~ is measured (a) on the Gr channel, fitted with the uniform model (spin injector is C~1~ and detector is C~3~) and (b) across the TMD/Gr region, with a fit by the four-region model (spin injector is C~5~, and detector is C~2~) (channel length is 5.6 μm and is covered with 2 μm of MoSe~2~). The fit to the data is obtained for τ~∥~ = 3.5 ps and τ~⊥~ = 40 ps. See the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03460/suppl_file/nl7b03460_si_001.pdf) for details of the uniform and four-region models.](nl-2017-03460t_0003){#fig3}

However, when we measure *B*~*x*~-induced Hanle precession across the TMD/Gr region, we observe a dramatically different behavior ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). At *B* = 0 T, the value of *R*~nl~ is small and is caused by the in-plane spin transport. As *B*~*x*~ increases, the in-plane spins start to precess in the *y*--*z* plane, which generates out-of-plane spins that have longer lifetime. Therefore, the *R*~nl~ considerably increases in magnitude to about 35 times larger values (at *B*~*x*~ ≈ 0.1 T) and reverses sign. Beyond 0.1 T the signal decreases due to both the spin dephasing and the saturation of contact magnetization, recovering the in-plane spin signal. This observation is again a direct proof of anisotropic spin-transport in TMD/Gr heterostructure. Using the Bloch equations ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}), we can fit the data to an anisotropic relaxation model,^[@ref30]^ accounting for the difference between τ~∥~ and τ~⊥~ in the TMD/Gr region (see [section S5.4 of the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03460/suppl_file/nl7b03460_si_001.pdf)):where μ~sx~, μ~sy~ and μ~sz~ are the accumulations of spins with x, y and z directions, respectively and γB is the Larmor frequency. A fit to the data is obtained with values of τ~∥~ = 3.5 ps and τ~⊥~ = 40 ps, confirming the large spin lifetime anisotropy in the Gr induced by the monolayer MoSe~2~. The measurements (shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) are carried out at zero gate voltage (*V*~g~), with carrier densities of 4.5 × 10^12^ cm^--2^ and 1.8 × 10^12^ cm^--2^ in the pristine Gr and TMD/Gr regions, respectively. With the change of *V*~g~ (to ±40 V), we do not see any considerable change in the anisotropy, indicating that the spin absorption cannot be the dominant mechanism for spin-relaxation in TMD/Gr region (see [section S6 of the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03460/suppl_file/nl7b03460_si_001.pdf)). However, at room temperature (RT), the spin signal in these measurements is below the noise level (0.03 Ω). This can be attributed to the fact that the interfacial spin resistance in TMD/Gr considerably decreases at RT, and therefore, the spins are absorbed by TMD.

According to the recent theoretical predictions,^[@ref8]^ the dynamics of spin transport in Gr in proximity of a TMD are governed by the Dyakonov--Perel (DP) mechanism, which plays a major role in systems with broken inversion symmetry. In a TMD/Gr heterostructure, the strong spin-valley coupling of the TMD is imprinted onto the Gr channel and controls the dynamics of the in-plane spins. The in-plane spin relaxation is affected by both intervalley and momentum scattering, but the former is dominant (τ~∥~ ∝ 1/τ~iv~, with τ~iv~ being the intervalley scattering time). In contrast, the out-of-plane spin relaxation is mainly controlled by the momentum scattering in this system (τ~⊥~ ∝ 1/τ~p~, with τ~p~ the momentum relaxation time). The spin lifetime anisotropy can be calculated by:where λ~VZ~ and λ~R~ are the valley Zeeman and Rashba spin--orbit coupling constants, respectively.^[@ref8]^ These terms have been calculated by first-principles as λ~VZ~ = −0.175 meV and λ~R~ = 0.26 meV for a MoSe~2~/Gr heterostructure.^[@ref7]^ Our experimental observation of spin lifetime anisotropy estimated as τ~⊥~/τ~∥~ ≈ 11, corresponds to an intervalley scattering time of τ~iv~ ≈ 24 and τ~p~ ≈ 2 ps (with τ~p~ = 0.076 ps). This value matches well with the reported range for τ~iv~ in Gr, extracted from weak localization measurements.^[@ref12],[@ref31]^ Note that the exact values of λ~VZ~ and λ~R~ will depend on the TMD--Gr interface, which might result in variation of the relaxation times. However, we believe that the anisotropy as expressed in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} will be less sensitive to the interfacial inhomogeneities.

In conclusion, we have reported the first direct observation of the spin lifetime anisotropy in a TMD/Gr heterostructure, consistent with the theoretical predictions of the TMD SO-induced proximity effects in Gr.^[@ref8]^ The estimated out-of-plane spin relaxation time is 1 order of magnitude larger than that of the in-plane spins. This result is explained by considering the dominant role of the intervalley scattering in the relaxation of the in-plane spins. The effect is attributed to the spin-valley coupling in TMD/Gr as a consequence of the strong spin--orbit coupling in the TMD, the significant wave function overlap between Gr and the TMD, and the associated inversion symmetry breaking. We have demonstrated that the manipulation of spin-transport in the Gr channel is possible by controlled stacking of atomically thin building blocks, such that unprecedented insights into the nature of the spin--orbit interactions are provided by a simple and novel approach in the spin-precession experiments.

*Note.* After the submission of the present manuscript, we became aware of a related work studying the spin relaxation anisotropy in multilayer WS~2~/Gr and MoS~2~/Gr heterostructures.^[@ref32]^

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.7b03460](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.7b03460).Additional details on device fabrication, AFM characterization of the vdW heterostructure, charge transport, local magnetoresistance, derivation of the models used for extraction of the spin transport parameters, gate dependence of the spin signal in monolayer MoSe~2~/Gr heterostructure, and anisotropic spin transport measurements on a monolayer WSe~2~/Gr heterostructure. ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03460/suppl_file/nl7b03460_si_001.pdf))
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